Introduction
Chlorella viruses belong to the family Phycodnaviridae, genus Chlorovirus. They are large (190 nm in diameter), icosahedral, plaque-forming viruses with linear dsDNA genomes (Van Etten 2003; Yamada et al. 2006; Wilson et al. 2009 ). The type member of the genus is Paramecium bursaria Chlorella virus (PBCV-1); it has a genome of 331 kb that contains at least 365 protein-encoding genes and a polycistronic gene that encodes 11 tRNAs. Approximately 40% of its predicted gene products resemble proteins of known function, many of which are unexpected for a virus. The PBCV-1 virion has a glycoprotein shell that surrounds a lipid bilayered membrane.
Chlorella viruses infect certain freshwater, unicellular, eukaryotic Chlorella-like green algae, which normally exist as endosymbionts in protists. However, they are grown in the laboratory as axenic cultures. The addition of PBCV-1 to its host, Chlorella NC64A, leads to the following program of events: (1) virus attachment to the cell wall is host-specific and probably occurs at a unique virus vertex Cherrier et al. manu script submitted for publication), followed by wall degradation at the point of attachment ; (2) rapid host membrane depolarization (Frohns et al. 2006) , potassium ion release (Neupärtl et al. 2007 ) and altered secondary active transport of solutes (Agarkova et al. 2008) ; (3) host nuclear DNA degradation beginning at 3-5 min postinfection (p.i.) (Agarkova et al. 2006 ); (4) early viral transcripts beginning to appear within 5-10 min p.i. (Schuster et al. 1986; Kawasaki et al. 2004 ); (5) virus DNA replication beginning at 60-90 min p.i. ; (6) late virus transcription beginning at 60-90 min p.i. (Schuster et al. 1986) , and (7) viral-induced lysis and particle release occurring at 6-8 h p.i. (Van Etten et al. 1983; Meints et al. 1984) .
Many aspects of the Chlorella virus/host system have been extensively covered in several recent reviews (Van Etten 2003; Yamada et al. 2006; Dunigan et al. 2006; Wilson et al. 2009 ). This chapter focuses on the initial events of infection. It is motivated by the finding that Chlorella viruses code for K + channel proteins and we present a hypothesis on how the activity of these channels is relevant to the entry of the virus DNA into the host cell.
Infection
Virus PBCV-1 infection of Chlorella NC64A cells is an excellent example of how a virus is able to rapidly take over the control of its host cell. The first step in PBCV-1 infection is attachment to the host cell wall . Presumably, a virion protein(s) interacts specifically and strongly with some component(s) in the host cell wall. This specificity determines the narrow host range of the Chlorella viruses and the strength assures that attachment withstands subsequent dissociation by environmental stresses.
The attachment process is rapid. Analysis of electron-microscopic images of Chlorella NC64A cells fixed at various times after mixing the host cells with the virus indicate that attachment is complete with a half time (t 1/2 ) of ca. 1 min (Figure 1 ). This value describes the attachment of a population of particles, although individual virions may only require a few seconds.
Virus attachment to the host cell wall is not random; attachment always occurs at a virus vertex . Recent experimental results indicate that not all 12 virus vertices are identical and that attachment probably occurs at a unique tail-containing vertex Cherrier et al. manuscript submitted for publication). The PBCV-1 protein A140/145R is preferentially localized at this unique vertex and is essential for binding to the host cell wall. The positioning of the virus to this unique vertex could be brought about by external fibers on the virion (Van Etten et al. 1991 ; Cherrier et al. manuscript submitted for publication).
The idea of a polarized and function-specific vertex is consistent with prevailing models on the organization of other tail-containing, icosahedral bacterial viruses (phage) that enter the cell and leave the capsid at the sur- Figure 1 . Mean time course of distinct early events during infection of Chlorella NC64A cells by virus PBCV-1. The half times (t 1/2 ) of attachment, cell wall lysis membrane depolarization, K + efflux, DNA ejection, cytosolic alkalinization and inhibition of photosynthesis are indicated. Data from: depolarization, Frohns et al. 2006 ; attachment/ cell wall lysis/ K + efflux/ DNA ejection: Neupärtl et al. 2007 , alkalinization, Agarkova et al. 2008 photosynthesis, Seaton et al. 1995 face. These phages, which have the same geometric capsid architecture as PBCV-1, have a portal protein complex attached to a tail at one vertex; typically, this vertex provides the pathway for both genome encapsidation and genome delivery (Cerritelli et al. 2003; Lebedev et al. 2007 ). However, the huge amoeba-infecting Mimi virus, which has a similar icosahedral morphology, including an internal membrane, and shares a common evolutionary ancestor with the Chlorella viruses, has two portals, one for DNA packaging and another for DNA ejection (Zauberman et al. 2008) .
Thus, PBCV-1 infects Chlorella NC64A cells in a bacteriophage like manner, meaning that it ejects its genome and certain proteins into the host cell leaving an empty capsid attached to the host . From a mechanistic point of view, this is a challenging process, because the viral genome has to pass several barriers namely: (1) the viral membrane, (2) the capsid, (3) the cell wall of the host and (4) the plasma membrane of the host.
This entire process occurs in a way that the integrity of the host plasma membrane, i.e., the barrier for unspecific ion fluxes, is not compromised.
After attachment, the next step in the process is localized digestion of the host cell wall Neupärtl et al. 2007 ). The virion particles include one or more enzymes that are secreted after attachment to degrade the host cell wall . These hydrolytic enzymes rapidly digest a hole into the cell wall, with a t 1/2 of ca. 2.5 min (Figure 1 ). The first holes in the host cell wall are observed after 1 min p.i.
Transfer of DNA from the Virus Particle into the Host Cell
After attachment and digestion of the host cell wall, the virus ejects its DNA, and also probably several proteins, into the host (Figure 1 ). Neither the energetics for the injection of viral DNA into the host nor the pathway for the transfer of virus DNA/ proteins into the host cells is completely understood. The virus particle has a glycoprotein capsid surrounding an internal membrane; the DNA genome and probably several proteins are contained inside this membrane. Proteomic analyses of PBCV-1 particles indicate that the virion contains more than 100 different, viral encoded proteins (Dunigan et al. manuscript in preparation) , only a few of which probably serve a structural role. An important question is: how does the virus transfer its DNA and some proteins across its own membrane and across the membrane of the host? Experimental evidence indicates that this transfer occurs without compromising the integrity of the host plasma membrane; measurements of the cytoplasmic pH (Agarkova et al. 2008 ) and photosynthetic activity (Van Etten et al. 1983; Seaton et al. 1995) of the host cells indicate that virus infection results in alkalinization of the host cytoplasm (t 1/2 == 8 min) and a decrease in photosynthesis (t 1/2 = 24 min) after a short lag time (Figure 1 ). The external medium of the Chlorella cells is slightly acidic, pH ~5.5. If DNA transfer, which occurs with a t 1/2 of less than 6 min. p.i. (Figure 1 ), were corrupting the integrity of the host cell plasma membrane, acidification of the cytoplasm should occur in the same time frame.
The experimental results indicate that DNA ejection is an interplay between virus and host. The images shown by Meints et al. (1984) indicate that PBCV-1 attaches to and digests isolated cell walls of the host; however, DNA is not released . Hence, the virus requires a signal from the host to eject DNA. What is the nature of this signal? The answer to this question is unknown. However, we can make some educated guesses based on simple knowledge of plant physiology. The host cell Chlorella NC64A is a freshwater alga. Freshwater algal cells have a high turgor pressure that is roughly in the order of 1 MPa (Kim et al. 2006) . Chlorella NC64A cells have an intracellular K + concentration of about 100 mM (Neupärtl et al. 2007 ), which resembles other freshwater algae; thus, Chlorella NC64A has the same high turgor pressure as other freshwater algae.
The formation of a hole in the host cell wall, such as those produced by PBCV-1, is equivalent to a hole in the outer tube of a bicycle tire. If the hole is sufficiently large and the inner pressure is high enough, the inner tube will bulge. Whether the host plasma membrane bulges out of a hole in the cell wall is determined by the turgor pressure pushing it, the geometry of the hole (i.e., the area over which the pressure is exerted), and the tensile forces in the membrane. As an approximation, this relationship is given by (1) cos  = Pr/2.
( 1) This equation describes the movement of a liquid in a capillary;  is the contact angle (given in degree) of the membrane bulge with the cell wall, r the radius of the hole,  the membrane tension, and P the turgor pressure of the cell. To calculate the contact angle 1 and, thus, the geometry of the bulge, we measured the mean diameter of the cell wall hole produced by the virus in 65 electron micrographs, e.g., (Figures 2 and 3) . A mean radius of 53 ± 4 nm was obtained. The tension of cellular plasma membranes is generally low. Careful estimates of this parameter in neuron cells produced values of 0.03-0.04 mN m -1 (Dai et al. 1998) . Since the biophysical properties of membranes from animals and plants are similar (Morris and Homann 2001) , we used this value in the following calculations. Figure 2a shows a plot of the estimated contact angle as a function of the radius of the virus generated hole in the cell wall. The data were calculated by assuming a membrane tension of 0.03 mN m -1 and a turgor pressure of 1 MPa. The latter value is a good estimate of the turgor pressure in freshwater algae. The plot in Figure 2a , which is only a crude estimate of reality, nonetheless indicates that the size of the hole generated by the virus is sufficient to generate near maximal bulging of the membrane. If we superimpose the geometry of such a bulge on an electron micrograph ( Figure  2b ), the membrane is pushed towards the viral particle.
The bulging of the host cell membrane alone is insufficient to explain fusion of host and viral membranes. Notably, the viral membrane is inside the capsid. However, analysis of the PBCV-1 capsid structure by atomic force microscopy indicates that a central protein in the virion vertex is pushed open by applying external mechanical force (Kuznetsov et al. 2005) . In the context of our model, it is reasonable to assume that the host cell membrane pushes this "valve like structure" open. However, the virion would have to undergo an additional structural change to increase the size of the virus hole before the host cell membrane could enter the interior of the virion. It remains to be seen how this interpretation fits together with new structural information on PBCV-1 that indicates the virion has a thin 250 Å long and 50 Å wide tail at one vertex (Cherrier et al. submitted for publication). igure 3. The host cell membrane is intimately connected with the virus particle. An image of PBCV-1 infecting Chlorella NC64A. The virus (c) has digested a hole into the host cell wall (cw). At the site of infection the plasma membrane (pm) has retracted from the cell wall, probably due to an artifact of the fixation. However, where virus/ cell contact occurs the plasma membrane of the host is intimately connected with the virus particle (arrow) Membranes have to be brought into close physical contact to fuse. This is generally achieved in cells by SNARE proteins (Jahn and Scheller 2006) or specific fusion proteins in viruses (Harrison 2008) . The Influenza A virus for example contains a specific protein, hemagglutinin, which forces the viral membrane close to the host membrane of the endosomes leading to membrane fusion (Chernomordik et al. 1999 ). In the PBCV-1 /Chlorella system, viral and host membrane fusion might not require a specific protein(s). The high turgor pressure in plants might force the host membrane towards the viral membrane, leading to fusion. This hypothesis is plausible because it is well known that physical pressure and membrane tension can catalyze membrane fusion (Shillcock and Lipowsky 2008; Thiel et al. 2000) .
Currently, this description of virus/host membrane fusion is hypothetical, but nonetheless, consistent with some experimental observations: (1) the hypothesis predicts that reduction in host turgor pressure should inhibit PBCV-1 infection. When Chlorella NC64A cells are pre-incubated with 400 mM sorbitol to reduce their turgor pressure, they are not infected by PBCV-1 (Hampe and Thiel unpublished results). (2) Electron micrographs of infected Chlorella NC64A indicate that host cells are often slightly plasmolyzed, i.e., there is a retraction of the plasma membrane from the walls (Figure 3) . However, the membrane is always attached to the wall at the point of virus entry. These images indicate that the host plasma membrane is in intimate contact with the virus.
Additional evidence for membrane fusion is also circumstantial. PBCV-1 codes for a K + channel protein, named Kcv (Plugge et al. 2000) . Similar, but not identical, K + channel proteins are also coded by related Chlorella viruses (Balss et al. 2008; Gazzarrini et al. 2009; Kang et al. 2004b; Gazzarrini et al. 2006) , which suggest that the gene product is important for viral replication. In the case of PBCV-1, the channel protein is synthesized as a late gene in the host (Kang et al. 2004a) ; late virus proteins are often packaged in nascent viruses. We have suggested that the viral channel is present in the virus internal membrane (Frohns et al. 2006 ). This suggestion leads to the prediction that fusion of the viral K + channel containing membrane with the host membrane should result in depolarization of the host plasma membrane potential.
To understand the consequences of fusion of the viral membrane, containing one or more Kcv channels, with the host plasma membrane, a few basic transport properties of the host cell as well as the unitary conductance of the viral K + channel need to be considered. Single channel conductance of the Kcv channel is known; the Kcv protein has been produced as a recombinant protein and reconstituted into planar lipid bilayers (Pagliuca et al. 2007 ); furthermore, it was expressed in the plasma membrane of Xenopus oocytes (Abenavoli et al. manuscript submitted for publication). The resulting Kcv single channel activity indicates that it has a very high unitary conductance. Conductance is about 130 pS in a solution of 100 mM K + (Pagliuca et al. 2007 ). In contrast, a typical plasma membrane with K + channels, such as the Arabidopis K + channel KAT1, has a unitary conductance of 10 pS (Thiel and Wolf 1997) .
While the viral K + channel has very high conductance, the resting conductance of the plasma membrane of freshwater algae, such as Chlorella, is generally low. In the well-studied green alga Chara corallina, the plasma membrane has a resting resistance of about 1 Qm 2 (Beilby 1985) . This high resistance occurs because most K + channels in the membrane are closed at rest. The resting resistance of the Chlorella NC64A plasma membrane is unknown, but is probably similar to Chara corallina. Measurements of Chlorella NC64A membrane voltage with fluorescent dyes indicate that increasing external K + concentration has no detect-able effect on membrane voltage (Frohns et al. 2006 ). This result is consistent with a low membrane conductance at rest and a high resistance for K + transport. To evaluate the result of viral and host cell membrane fusion, it is necessary to look closely at the electrical properties of the host. A plant cell membrane, such as Chlorella, can be represented by a simple equivalent circuit (Figure 4 ; Thiel and Gradmann 1994). The membrane contains a H + ATPase and, in parallel, other passive conductances, such as channels and transporters. Each of the transporters has an inherent resistance and a battery voltage. The ATPase with the inherent resistance R p can power the membrane to a voltage E p , which can be as negative as-400 mV. The reversal voltages of all the remaining transporters (summarized as R T ,) are more positive. For simplicity, we assume that E T is 0 mV. The prevailing membrane voltage Figure 4 . Equivalent circuit of host cell membrane before and after virus infection. The membrane potential (V m ) of the host cell plasma membrane (m) at rest is generated by the parallel arrangement of active and passive transporters (black lines). The active transporter, the proton ATPase, has an inherent resistance R p and creates a battery voltage E p (ca. -400 mV). The parallel transporters (channels, carriers etc.) are summarized here with their resistance R T and their equilibrium voltage E T (< 0 mV). Because R p << R T , V m is very negative at rest. During infection the electrical properties of the viral particle, which contains the K + channel with the resistance R K , are connected (gray lines) via a low resistance fusion pore (R F ) with the membrane of the host. Because R K << R p and R T , V m becomes dominated by E K , i.e., depolarizes (V M ) of a plant cell is given by these battery voltages and the relative resistances of the transporters R p and R T . Because the resistance of pump R p in plants is much lower than R T , the membrane voltage is highly negative. Note that some freshwater algae have voltages as negative as -350 mV.
For the aforementioned reasons, fusion of the virus membrane with the host membrane will electrically connect the virus membrane containing the Kcv channel R K with that of the host via a low resistance, the fusion pore R F . If we assume a typical membrane resistance in a fresh water alga of 1 Qm 2 , we can calculate the overall resistance of a Chlorella cell. These spherical algae have an average diameter of 4 μm, i.e., a surface area of 5 x l0 -ll m 2 . Hence, their electrical conductance is 200 pS. This value is well in the range of the unitary conductance of the viral channel. Assuming that the virion carries ≥ 1 channel proteins R p and R T become smaller than R K . Consequently, the circuit voltage is dominated by the battery voltage (the Nernst potential, E K ) of the viral K + channel. As a consequence, the host cell membrane potential V M must shift towards E K Because E K is more positive than the plant resting membrane voltage, Kcv incorporation into the Chlorella membrane causes depolarization.
The aforementioned description of the electrical properties of the virus and the host predict that fusion of the two membranes results in depolarization of the host cell membrane. This prediction was tested by measuring the membrane voltage of Chlorella cells during virus infection (Frohns et al. 2006; Neupärtl et al. 2007) . Chlorella cells are not suitable for conventional voltage recordings with microelectrodes, because they are small and have rigid cell walls. Therefore, fluorescent dyes were used to monitor changes in the membrane voltage. The data in Figure 1 show that the experimental results agree with the prediction. Less than a minute after infecting Chlorella NC64A with PBCV-1, the dye fluorescence increases and reached half maximum (t 1/2 ) after 5 min p.i. (Figure 1 ). This increase in fluorescence, which remains for several hours after infection (Frohns et al. 2006) , is due to depolarization of the Chlorella membrane. The depolarization immediately follows the formation of the hole in the Chlorella cell wall during infection (Figure 1) . These results support the causal relationship between the bulging out of the host cell membrane and fusion with the viral membrane.
Several experimental results support the hypothesis that depolarization is induced by the viral K + channel. The strongest support comes from the observation that different Chlorella viruses encode K + channels with different pharmacological properties (Frohns et al. 2006 ). The PBCV-1 Kcv channel is Cs + insensitive, while the Kcv channel from virus NY-2A is Cs+ sensitive. Consistent with the hypothesis that depolarization is due to the viral channels, depolarization is inhibited by Cs + when cells are infected with virus NY-2A. In contrast, Cs + only has a small effect on the depolarization evoked by virus PBCV-1 (Frohns et al. 2006) .
Collectively, these data strongly support the hypothesis that the viral membrane and the host plasma membrane fuse very early during infection.
Energetics of DNA Ejection
Let us assume the viral membrane fuses with the host membrane and creates a sizable fusion pore between particle and host, which serves as the conduit for transferring the viral genome into the host. However, this scenario does not provide any energy, which is required for this process because the plant has an internal pressure of about 1 MPa. Hence, the virus has to eject DNA against this huge pressure. To explain this process, it is helpful to understand how bacteriophages solve the problem. Like PBCV-1, many phages have large dsDNA genomes and they have to eject DNA into highly turgerized bacteria cells (Molineux 2006; Grayson and Molineux 2007) .
A property that PBCV-1 shares with certain bacteriophages is that they pack a large dsDNA genome into a small geometrically confined capsid. For example, phage λ has a 48.5 kbp dsDNA genome, which in its extended linear form is ~16.5u,m long ). The entire DNA is packed into a capsid with an internal radius of 27.5 nm (Cordov et al. 2003) ; these dimensions translate into an ~540-fold linear compression of the DNA molecule. This compression value is similar to all known dsDNA phages, which compress their genome at a density of about 500 mg ml -1 (Molineux 2006) . The genomes of Chlorella viruses, which range from 295 to 360 kb (Landstein et al. 1995; Fitzgerald et al. 2007a,b) , are packed into capsids with an inner diameter of about 800 Å. Assuming that the capsid is a sphere, we calculate a ratio of genome per volume. This ratio is 0.5 pb nm -3 in the case of phage λ and 0.15 pb nm -3 for PBCV-1. The fact that both numbers are the same order of magnitude and that the PBCV-1 capsid also packages other proteins implies that both viruses have a similar challenge for packing their DNA into a small volume.
Native DNA has a double helical structure with two sugar-phosphate chains on the outside that are joined by complementary base-pairs projecting into the helix-interior. In particular, the large size and the high negative charge of the DNA molecule relative to the surrounding solvent molecules and salt ions makes DNA packaging a challenging process. For this reason, many studies have been performed on DNA packing in phages; however, this process is still not fully understood.
Recent experiments and theoretical investigations indicate that the DNA in the small capsid generates enormous internal pressure in the particles ranging up to5 MPa (Li et al. 2008; Molineux 2006; Grayson and Molineux 2007) . This internal pressure inherent in the stored DNA is, at least in some phages, used as a driving force for the rapid ejection of DNA from the virus particle. Recent experiments monitored the ejection of DNA from phage λ in real time. The results indicate that the entire 48.5-kbp genome is expelled in ca.1.5 s without interruption, reaching a speed of 60 kbp s -1 . The similarity between DNA packing in phages and the Chlorella viruses suggests that at least some of the energy for ejection of PBCV-1 DNA also derives from the energy inherent in DNA packing.
Even though this pressure driven mechanism of DNA ejection appears plausible, new observations indicate that it only explains part of the story.
Though the λ and T5 genomes are indeed fully ejected from their capsids into buffer, the situation is different when looking at ejection into host cells (Molineux 2006) . In the in vivo situation, the pressure inside the host cell seems to prevent full ejection of the genome. Hence a push-pull mechanism occurs in some bacteriophages in which the initial part of the genome is pushed into the host by the pressure inherent in the compressed DNA and the remaining portion of the genome is pulled in by proteins inside the host (Molineux 2006) . This type of genome transfer has been well studied in phage phi29, where the leading 60% of the DNA is pushed into the host in a pressure dependent manner while the remaining part requires energy to be pulled in (Gonzalez-Huici et al. 2004) .
Other experimental studies on phages indicate that the pressure derived from the packing of the DNA is insufficient for transferring the entire genome into the host. Therefore, the internal pressure in the host cell must be reduced to allow complete ejection of the viral genome. Bacteriophages accomplish this by causing host cell membrane depolarization and a concomitant release of K + salts from the host (Boulanger and Letellier 1992; Labedan and Letellier 1981) . The situation is similar to the Chlorella viruses. Chlorella membrane depolarization results in an ~50% loss of K + from the host in less than 5 min after infection (Figure 1 , Neupärtl et al. 2007 ). The release of K + probably results from activity of the viral Kcv channel. First, K + release occurs with the same kinetics as membrane depolarization. Second, viral K + channel blockers partially reduce K + release from the host cells (Neupärtl et al. 2007 ). The activity of the Kcv channel, however, is not sufficient to explain the entire scenario. To generate a driving force for K + efflux from the host cells, the membrane potential must be depolarized well positive of the K + equilibrium potential (Neupärtl et al. 2007; Thiel and Gradmann 1994 ). This situation is only possible, if the initial depolarization activates other channels in the host membrane. This hypothesis is reasonable because many plant cells contain anion channels, which can be activated indirectly via Ca 2+ mediated membrane depolarization (Sanders et al. 2002) .
Virus Infection Rapidly Alters the Physiology of the Host
The infecting virus is on a volume basis ca. 10 4 times smaller than the host cell. However, still it is able to rapidly commandeer major activities in the host cell. Within 5 min after infection, host DNA begins to be degraded by virus packaged DNA restriction endonucleases; a couple of minutes later, the first viral transcripts are detected in the host cell (Agarkova et al. 2006) . About 10 min p.i., the host cells begin to shut down photosynthesis with a t 1/2 of about 24 min (Van Etten et al. 1983; Seaton et al. 1995) . In the case of a related system with Chlorella Pbi cells and virus CVM-1, inhibition of photosynthesis is preceded by an active alteration of photosytem II (PSII). Due to the rapid expression of a viral gene, probably a de-epoxidase, PSII rapidly losses its efficiency to absorb light energy (Seaton et al. 1996) .
Because of the rapidity of all these processes, the virus must possess mechanisms that favor the activity of its replication over those of the host. Details on how this take over of the host is achieved are unknown. However, virologists have suggested that the most effective way for a virus to achieve control is to modify one of the "master switches" in the host. Such a master switch could be any cellular process that affects many different metabolic and signaling pathways in the cell. This certainly happens when Chlorella cells are infected by PBCV-1. First, as mentioned above, the membrane voltage of the host collapses early during infection (Frohns et al. 2006 ). This collapse has consequences for the ionic milieu of the cytoplasm, since it results in a major loss of cations (Neupärtl et al. 2007) . Because membrane voltage is the dominant driving force for uptake of many substances, such as sugars and amino acids, depolarization decreases these uptake processes (Agarkova et al. 2008) . These changes certainly alter the physiological state of the infected cell. Second, cytoplasmic pH is altered early during infection (Agarkova et al. 2008) . Cells generally control their cytoplasmic pH in a narrow range of ~7.5 (Felle 2005) . Homeostasis of pH is essential because most enzymes in the cytoplasm are highly pH sensitive and operate over a narrow pH window. Any deviation in pH, therefore, has major consequences for the activity of cellular enzymes. PBCV-1 infection of Chlorella NC64A leads to alkalinization of the cytosolic pH (Figure 1 ; Agarkova et al. 2008) , a reaction, which downregulates the activity of most host enzymes. These are the only physiological effects we are currently aware of. However, one can predict that other cellular control factors might be altered during the early phase of infection, such as the concentration of cytosolic Ca
2+
. This parameter is also controlled by membrane voltage and generally kept under strict homeostatic control; any deviation from a narrow set point results in a modification of numerous activities in cells (Sanders et al. 2002) .
Collectively, these data and considerations lead to a plausible model on the physiological events associated with PBCV-1 infection. The virus induced depolarization and the subsequent modifications of the ionic strength, pH, and potentially Ca 2+ are an efficient method for rapidly inhibiting the activity of cellular enzymes because they no longer operate at their optimum conditions. To understand the benefit for the virus, we only have to imagine that the viral proteins operate at a different pH optimum, ionic strength, etc., which resembles that created early during infection. This is a testable hypothesis for future experiments.
